The thermal stability of graphene/graphane nanoribbons (GGNRs) is investigated using density functional theory. It is found that the energy barriers for the diffusion of hydrogen atoms on the zigzag and armchair interfaces of GGNRs are 2.86 and 3.17 eV, respectively, while the diffusion barrier of an isolated H atom on pristine graphene was only ~0.3 eV.
Graphene has been attracting enormous interests to exploit its potential applications for electronic devices due to its unique physical properties. However, such as the absence of a bandgap in the electronic spectrum of graphene and the Klein paradox as a consequence of the Dirac-type nature of the charge carriers etc., several issues have restricted the development of graphene electronics. 1 , 2 On the other hand, it is believed that graphene nanoribbons (GNRs) offer the possibility to achieve tuneable electronic properties. This is because their properties are highly dependent of their width and also the orientation of edges, for example, the GNRs can be turned from semiconducting to metallic by manipulating the structural parameters. 3 , 4 Unfortunately, to manipulate the edge structure and width of freestanding GNRs is a very challenging experimental task. 3, 4 Both experimental data and the corresponding ab initio calculations demonstrated that the zigzag edge is metastable in vacuum due to a planar reconstruction to lower the energy of the system. 5 Alternatively the high quality GNRs can be fabricated by selectively hydrogenating graphene or by carving GNRs on a graphane sheet. 6 , 7 , 8 But the fully hydrogenated graphene-graphane, which can be synthesized by exposing graphene to a hydrogen plasma 9 or applying a strong perpendicular electric field in the presence of a hydrogen gas, 10 is a wide-gap insulator. 11 A bandgap opening in graphene, induced by the patterned absorption of atomic hydrogen, was recently found experimentally. 5 Hybrid graphene/graphane nanoribbons (GGNRs) were also studied by ab initio calculations. 12, 13, 14 It was shown that the bandgap of GGNRs is dominated by the graphene rather than graphane, 7, 12, 14 and that its electronic and magnetic properties strongly depend on the degree of hydrogenation of the interface. 14 However, the hydrogen diffusion associated with high mobility of the isolated H atoms on graphene has a strong influence on the stability of the graphene/graphane interface.
In this work, we study the stability of the graphene/graphane interface in hybrid nanoribbons. We calculate the energy barrier for the diffusion of H atoms located at the 3 graphene/graphane interface using density functional theory (DFT). All the possible diffusion pathways are analysed in order to find the minimum diffusion barrier and, therefore, to provide reference for designing the viable graphene electronic devices that possess high thermal stability in the operating conditions.
All the DFT calculations were performed using the DMOL3 code. 15 The generalized gradient approximation (GGA) with revised Perdew-Burke-Ernzerhof (RPBE) functional was employed as the exchange-correlation functional. 16 A double numerical plus polarization However, the graphene and graphane layers are not in the same plane, they are connected with an angle of about 162 at the interface, which is consistent with previous reports. 12, 14 For the armchair GGNR [ Fig. 1(b) ], the graphene and graphane regions are almost in the same plane, while there is little curvature in the graphene nanoribbon.
We now analyse the stability of the two types of interfaces by calculating the diffusion barriers for hydrogen atoms. For the case of a zigzag interface, there are two different types of C and H atoms, which we indicate in Fig. 1(a) as sites A and B. For the diffusion of the H atom bonded to the C atom at site A, there are two possible diffusion paths labelled as 1 and 2
in Fig. 1(a) . At the site B, there are three possible diffusion pathways for the H atom that we label as 3, 4 and 5. In the case of an armchair interface, all the C atoms at the interface are equivalent from a diffusion point of view. So there are five different diffusions pathways that we label as 6-10 in Fig. 1(b) . When analysing the diffusion paths, we find that all the diffusions are along linear pathways, and also that the H atom is free without directly binding to any C atom at the transition state.
The diffusion barriers for the different paths and for both types of graphene/graphane interfaces are summarized in respectively. The pathway number 9 involves H diffusion to the nearest C atom at site P.
However, we found that this diffusion cannot occur because during the geometry optimization, the H atom at site P diffuses back to the C atom at site I. Thus, the energy barrier for H diffusion in armchair interfaces can be minimized to 3.17 eV to the second 5 nearest C atom along Path 6.
Recently, it was reported that the diffusion barrier for a single hydrogen atom on pristine graphene layer is about 0.3 eV, which was obtained by DFT calculation using a similar method to this work. 19 Furthermore, the diffusion barriers of transition-metal (TM) atoms on graphene were reported in the range of 0.20.8 eV. 20 If the TM adatoms are coupled to a vacancy, the diffusion barrier would increase substantially, reaching to the range of 2.13.1 eV. Thus, it was claimed that adatoms with the barrier in such a magnitude are stable at room temperature, 20 supporting the notion that the stability of H atoms at GGNRs interfaces are enhanced greatly and rather stable at room temperature.
From the previous analysis, we can see that the minimum diffusion barriers for both of armchair and zigzag interfaces are about one order of magnitude larger than the energy barrier for H diffusion on pristine graphene. From Table I , we can also see that all the aforementioned H diffusion processes imply increases of several electronic Volts in the energy of the system. At the same time, this indicates that after the diffusion the energy needed for recovering the system back to the initial perfect thermodynamic state is always lower than the energy needed for distorting the interfaces. The barriers for backward diffusion are defined as the difference of energy between the final and the transition states (E F -E T ), and can be obtained from Table I is smaller than that at site B (1.112 Å). It is believed that if one bond breaks, the remaining coordinated ones would become shorter and stronger. 21, 22 As shown in Fig. 1(a) , the C atom at site F binds with other three C atoms, while the C atoms at both sites A and B are bonded with three C atoms and one H atom. Therefore, E b of C-C bond between sites B and F is greater than that between sites A and B. Such a strong C-C bond weakens the others bonding at site B including the C-H bond. 23 Hence, the C-H bond at site B is weaker than that at site A.
The same explanation can be applicable to the case of armchair GGNR. On the other hand, C-C bond between sites R and I in Fig. 1(b) is weaker than that between sites A and B due to the effect from both C-C bonds between R and M as well as I and P. Thus, the E b of C-H bond at site I is between those at sites A and B, which is consistent with the DFT result above.
Therefore, the H atom at site B can diffuse easier and the GGNR with the armchair interface is more stable than the one with the zigzag interface.
To further understand the higher stability of the H atom at site A, we analyse the atomic charges through the Mulliken method. Table II gives the atomic charges of atoms near the interfaces. We can see that atoms at both interfaces (i.e. at sites A, B, and I) are more charged than other atoms. At the interface, C atoms are more negative and the corresponding H atoms 7 are more positive. Furthermore, it also shows that the both interfaces mainly affect the charge distribution of the first row of atoms at interfaces, while there is slight effect on the atoms of the second row at the armchair interface. This result agrees with the fact that an interface influences mainly the atoms of the first two rows. 24 It is known that the atomic charge is mostly affected by the atoms belonging to the same carbon ring, especially the nearest atoms.
For the carbon and hydrogen atoms at site A, they have similar nearest atoms as sites in graphane region far apart from the interface, where the three nearest C atoms are bonded by sp 3 orbitals. For the C and H atoms at site B, only two nearest C atoms are bonded by sp 3 orbitals, the other one on its right hand side at site F is bonded by sp 2 orbitals. Therefore, the effect of the interface on site B is stronger than that on site A. On the other hand, for both sites A and B, there are three C atoms bonded by sp 2 orbitals in the carbon ring. Thus, the charge distribution of the atoms on the both sites is affected by the interface. A similar reasoning can be applied to the charge difference on the atoms at sites I and J at the armchair interface. Therefore, the C atom at site B (-0.086 e) is more chemically active than the one at site A (-0.045 e) because it has more electrons.
In summary, we studied the stability of graphene/graphane nanoribbons with both zigzag and armchair interfaces by calculating the diffusion barriers of H atoms using DFT method.
We found a significantly enhanced stability of the H atoms at the graphene/graphane interfaces, if we compare it with the diffusion of an isolated hydrogen atom on pristine graphene. This is a consequence of the increase in the strength of the C-H bonds at the graphene/graphane interfaces. Our results show that both types of graphene/graphane interfaces in hybrid nanoribbons are rather stable, which increases the feasibility for future technological applications of these systems. 
